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Abstract: We report on room-temperature laser actions of a
novel thulium-doped crystal Tm:Lu2SiO5 (LSO) under diode
pumping. An optical-optical conversion efficiency of 12% and
a slope efficiency of 21% were obtained with the maximum
continuous-wave (CW) output power of 0.67 W. The emission
wavelengths of Tm:LSO laser were centered at 2058.4 nm with
bandwidth of ∼ 13.6 nm.
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1. Introduction
Solid state lasers emitting in the 2 μm region are of great
interest for eye-safe applications like Doppler radar wind
sensing [1], range finding or water vapor profiling [2].
Also, high-power quasi-continuous wave (QCW) 2-μm
lasers with high peak power are effective pump sources
of optical parametric oscillators (OPOs) and optical para-
metric amplifiers (OPAs) for frequency conversion in the
3 – 12 μm range [3–7].
To obtain 2-μm laser output, Tm, Ho lasers such as
Tm, Ho:LuLF [8] and Tm, Ho:YAG [9] have been inves-
tigated widely. Unfortunately, co-doped materials suffer
from severe up-conversion losses at high pump levels that
can result in very significant shortening of the effective
lifetime of the upper laser level [10]. 2 μm radiation has
also been demonstrated using Tm3+ doped crystals oper-
ating on the 3F4 – 3H6 transition. Significant advantages of
Tm ions are their strong absorption around 780 – 810 nm,
allowing diodes pumping and “two for one” pumping pro-
cess, in which each absorbed photon promotes two ions
in the upper laser level. In addition, there is no need for
an energy-transfer process to pump the laser material and
such crystals seem to be more able to operate at room tem-
perature and less sensitive to temperature variations.
The main limitation arise from the quasi-three level
nature of Tm laser system, the lower laser level is close
to the ground state and significantly populated at room
temperature, which decrease the efficiency of the laser.
Tm:LSO has many attractive properties as a promising ma-
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Figure 1 Absorption on the 3H6 – 3H4 band of Tm3+ in 4 at.%
Tm:LSO (300K) for unpolarized light
terial for development of a solid-state laser source around
2 μm. Firstly, Tm:LSO exhibit large splitting (1094 cm−1)
of the fundamental manifold, similar to those of Tm:CAS
(808 cm−1) and Tm:YSO (1021 cm−1) [11]. It results in
low thermal population of the terminal laser level in quasi-
three levels laser operation, decreasing the laser reabsorp-
tion losses. Secondly, as shown in Fig. 1, the absorption
band between 3H6 and 3H4 levels is located at the peak
of 790 nm with a 18-nm width and extends to 808 nm,
which can be easily accessible with high power AlGaAs
laser diodes commercially available. Thirdly, the thermal
conductivity of un-doped LSO (5.3 Wm−1K−1) is quite
higher compared to that of YSO and SYS, respectively 4.4
and 1.7 Wm−1K−1, allowing efficient crystal cooling. In
addition, the weak molar mass difference of 3.5% between
Tm and Lu makes a weak decrease in thermal conductivity
of LSO with Thulium doping [12].
The LSO host matrix is well known since it has pre-
viously been doped with ytterbium as a mode-locked laser
material. F. Thibault et al. [13] reported 2.6 W average out-
put power with pulse duration of 260 fs at 1059 nm for
Yb:LSO. Using Yb:LSO M. Jacquemet et al. have demon-
strated efficient CW action with optical conversion effi-
ciency of as high as 50% [14].
Unlike those thulium-doped oxide [15–18] and fluo-
ride [19,20] crystals, which have been achieved wide at-
tention by a number of researchers reporting cascade laser
emission and impressive efficiencies, there are not many
papers reporting on 2 μm laser actions based on Tm-
doped silicate host. CW output power (20 mW) and op-
tical conversion efficiency (5%) have been demonstrated
by P. Thony et al. using Tm:YSO under 1 W low power
diode pumping [21]. Up to 110 mW power with duty-cycle
of 20% at –11◦C has been performed using Tm:YSO by
J.-P. Foing et al. [11]. To our knowledge, 2 μm lasing has
not been realized to date for Tm:LSO. In this paper, we
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Figure 2 (online color at www.lphys.org) Absorption and flu-
orescence (unpolarized) spectra of 4% Tm:LSO (300K) for the
3F4 – 3H6 laser transition wavelength region
report on a CW 2.06-μm laser, based on diode-pumped
Tm-doped Lu2SiO5 (Tm:LSO) crystal.
2. Spectroscopy of Tm:LSO
Thulium-doped lutetium oxyorthosilicate (Tm:LSO) is a
monoclinic positive biaxial crystal with C2/c space group,
and the measured cell parameters are a = 1.2368(4) nm,
b = 0.6632(0) nm, c = 1.0255(9) nm, β = 102.50(6)◦ by
X-ray diffraction method. The Tm:LSO was grown by
Czochralski technique at Shanghai Institute of Optics and
Fine Mechanics, Chinese Academy of Science with melt-
ing point temperature of 2100◦C. The crystal was clear
with no impurities and exhibited negligible scatter.
The absorption spectrum of Tm3+ 3H6 – 3H4 band in
LSO was taken on a b-cut sample with 4 at.% thulium
(4.0×1020 ions/cm3) and is shown in Fig. 1. The strongest
absorption feature has a width of 18 nm, and is cen-
tered around 790 nm. This is significantly broader than
the strongest absorption feature (at 788 nm) for Tm:LuAG
[22]. The maximum absorption cross-section at 790 nm is
σabs = 8.3×10−21 cm2.
The absorption and fluorescence measurements of the
3F4 – 3H6 laser transition in Tm:LSO are shown in Fig. 2.
The 3H6 – 3F4 ground-state absorption spectrum in the re-
gion of the laser transition is contained primarily under
three fairly broad peaks. The broadening of the ground-
state absorption at 1.9 μm could potentially limit the short-
wavelength tunability of the laser. As can be seen from
Fig. 2, the maximum emission peak is located at 1830 nm.
Moreover the main feature of the spectrum is the poten-
tially very wide emission band extending from 1600 to
more than 2100 nm.
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Figure 3 Scheme presentation of the experimental set-up used for the laser diode end-pumping Tm:LSO laser
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Figure 4 (online color at www.lphys.org) The output power of
Tm:LSO laser versus absorbed pump power
3. Experimental setup
The schematic diagram of end pumped Tm:LSO laser
setup is shown in Fig. 3. The pump laser was a fiber cou-
pled 25-W diode laser with a fiber diameter of 200 μm and
a numerical aperture of 0.22, which was tuned to 790 nm
for the maximal absorption by Tm:LSO crystal. The out-
put of the fiber was relay-imaged with a magnification of
1.65 by use of an imaging telescope that was composed
of two AR-coated aspheric plano-convex lenses. With the
choice of focused pump beam diameter of 330 μm, the
Rayleith length (2πnw2p/M
2λp, where n (n = 1.8) was the
refractive of Tm:LSO, wp was the pump beam radius, M2
is the pump beam quality factor being equal to 88, λp was
the pump wavelength) inside the Tm:LSO crystal was cal-
culated to be ∼ 4.4 mm. The laser crystal, b-cut along the
growth direction, doped with 4 at.% Tm3+, had a dimen-
sion of 3 mm×3 mm×5 mm (in length), whose two end
surfaces were AR-coated at both 790 nm (R < 0.5%) and
2060 nm (R < 0.6%). The crystal was wrapped in Indium
foil and squeezed in a copper heat-sink for a good ther-
mal contact, then connected with a thermal electric cooler.
The resonator comprised a plane pump in-coupling mir-
ror with high reflectivity (R > 99.8%) in the 1.9 – 2.1 μm
wavelength regime and high transmission (T > 95%) at
the diode-pump wavelength, and a concave output coupler
with a radius of curvature of 200 mm and 2.5% transmis-
sion at the lasing wavelength 2.06 μm. The physical length
of the resonator was∼ 10 mm, resulting in a TEM00 beam
diameter of ∼ 340 μm in the Tm:LSO crystal. The 45◦
dichromatic mirror was a plane mirror with high reflec-
tivity (R > 99.8%) in the 1.9 – 2.1 μm wavelength regime
and high transmission (T > 95%) at the diode-pump wave-
length.
4. Experimental results and discussion
As shown in Fig. 4, the maximum output power obtained
from end-pumped Tm:LSO laser was 0.67 W at a crystal
temperature of 10◦C with absorbed pump power of 5.6 W,
corresponding to the optical efficiency of 12%. A slope ef-
ficiency of 21% was yielded by linear fit the experimental
data corresponding to absorbed pump power. The thresh-
old intensity for the Tm:LSO was near 3.9 kW/cm2.
The slope efficiency ηs is given by
ηs = ηq
νl
νp
T
T + L
, (1)
where, ηq is the quantum efficiency, T is the output cou-
pler transmissivity, L is the intracavity round-trip losses, νl
is the laser frequency, and νp is the pump frequency. The
L value is estimated to be 1.8% according to the reflective
loss on both crystal faces and transmissive loss from the
in-coupling mirror. According to Eq. (1) and the measured
21% slope efficiency, the quantum efficiency ηq is calcu-
lated to be up to 100%.
The temperature sensitivity of the Tm:LSO laser was
measured by keeping the absorbed pump power fixed at
5.6 W and then varying the laser crystal temperature, with
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Figure 5 (online color at www.lphys.org) Output power and
fractional inversion threshold versus the temperature of Tm:LSO
crystal
the resulting data plotted in Fig. 5. Over the range of 10 –
25◦C, the maximum output power of the laser was mea-
sured to change at the rate of –10 mW/◦C from 0.67 W to
0.54 W. As a fraction of the maximum laser output that re-
mains close to 0.67 W, this represents a fractional change
in maximum output power with crystal temperature of –
1.5%/◦C. With the thulium population restricted to reside
in only the ground and the first excited state, the fractional
inversion threshold F is given by [23]
F =
fl
fu + fl
, (2)
where fu(fl) is the fraction of the first excited state (ground
state) population residing in the upper (5723 cm−1) and
lower (871 cm−1) laser level. The calculated temperature-
dependent variation of F is also illustrated in Fig. 5 by
use of the measured energy level diagram. Near the crys-
tal temperature of 10◦C, F changes as 1.49%/◦C, which
agreed well with the output power behavior. Therefore the
decrease of the laser output power with temperature was
due to principally to the increase in laser threshold with
temperature.
The wavelength of Tm:LSO laser was measured
with a WDG-30 monochrometer (300 mm focal length,
300 lines/mm grating blazed at 2000 nm). The chopped
light from exit slice was detected by a PbS detector con-
necting with a TDS-3012B digital oscilloscope. Fig. 6
shows the output laser spectrum of Tm:LSO laser when
the crystal was held at 10◦C. The emission wavelength
of Tm:LSO laser is centered at 2058.4 nm, and extends
from 2.051 to 2.065 μm with the emission bandwidth of
∼ 13.6 nm.
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Figure 6 Spectrum of Tm:LSO laser output
5. Conclusion
In conclusion, we have reported on for the first time,
to our best knowledge, room-temperature laser actions
of a new thulium-doped laser crystal Tm:Lu2SiO5 under
diode-end-pumping. 0.67 W of laser output was gener-
ated by 5.6 W of absorbed pump light in duty-cycle of
100%. An optical conversion efficiency of 12% and a slope
efficiency of 21% were obtained, from which the calcu-
lated quantum efficiency was up to unit. The emission
wavelength of Tm:LSO laser is centered at 2058.4 nm
with bandwidth of 13.6 nm, which is matched with Tm,
Ho:YLF amplifier gain profile.
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